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Abstract
Organic polymers such as water-soluble polyacrylamides that are used as flocculants in solid–liquid separations, have their 
flocculation efficiency determined by the behavior of their macromolecules in solution. This behavior is affected by its intrin-
sic characteristics, especially the presence of ionic groups in its macromolecules. In this context, the present work aimed to 
characterize three water-soluble polyacrylamides. The effect of the intrinsic properties of each polymer on the behavior of 
the polymer chains in aqueous solution was compared in different environments. Beside this, the polymers behavior effect 
on the destabilization of particles was evaluated through kaolin particle aggregation studies. Viscosity results show that the 
conformation of the macromolecules in solution is altered according to the amount of ionized groups present. This varia-
tion, together with other factors such as the affinity with the kaolin particles and the excess of ions in solution, reflects in the 
flocculation efficiency of kaolin particles, in the flocs size and the flocs sedimentation rate.
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Keywords Polyacrylamide · Characterization · Viscosity · Hydrodynamic volume · Flocculation
Introduction
In the group of water-soluble polymers, synthetic polymers 
(e.g. water-soluble polyacrylamides) stand out over natural 
polymers (e.g. chitosan) when used as flocculants in the pro-
cess of treating water and effluents [1]. The water-soluble 
polyacrylamides (PAMs) can be produced with different 
characteristics, due to the molecular structure that can be 
composed not of only the acrylamide (Aam) monomer but 
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also by the addition of different types of monomers creating 
a copolymer [2]. Monomers that may contain groups with 
the ability to dissociate in aqueous medium, therefore the 
PAMs may be classified as non-ionic, anionic, cationic or 
amphoteric according to the type of ionic charge present 
[3]. Surface charge density (dissociated ionic charge of the 
polymer in solution), molecular weight, structure, water 
affinity and other PAMs intrinsic characteristics may affect 
the behavior of the chains in solution, their flocculation and 
flocs formation [3–5].
The behavior of polyacrylamide (PAM) in solution is dis-
cussed through hydrodynamic volume, which corresponds 
to the volume occupied by the molecular chains solvated in 
a given solvent [6, 7]. Besides the intrinsic characteristics 
of the polymers, the solvent properties such as temperature, 
pH, ionic strength, volume (dilution), metallic ions and solid 
concentrations also directly affect the hydrodynamic volume 
[4, 7–10]. Within these characteristics the presence of ioniz-
able groups in the structure of the macromolecule is subject 
of several studies. Polymers with this sort of structure, when 
in aqueous medium, tend to have larger hydrodynamic vol-
umes. This occurs due to electrostatic interactions. Because 
of this, these are more affected by changes in the in the 
aqueous mean. For better understanding on these polymers 
behavior when in solution, viscosity is monitored by visco-
simetric methods, that is frequently used to understand the 
behavior of such polymers in solution [7, 10–12].
The aggregation of particles by flocculation through 
water-soluble polymers is affected by the characteristics of 
the flocculant polymers in the solution as well as the charac-
teristics of the particles to be flocculated (charge, porosity, 
composition, among others), flocculation ambient (tempera-
ture, pH and agitation), among other factors [13–15]. Particle 
flocculation occurs initially by dispersion of the polymeric 
solution at the solid–liquid interface, then by adsorption 
of the polymeric chains in the particles, followed by floc 
formation [13]. Particle aggregation is explained through 
the mechanisms of dual flocculation, depletion flocculation, 
neutralization patch and bridging [1, 5, 16–18]. The dual 
and the depletion flocculation are flocculation mechanisms 
that respectively involve the addition of more than one floc-
culant and the aggregation of particles through the osmotic 
pressure induced by high concentrations of polymer [16]. 
These two mechanisms do not have many applications in the 
environmental bias of water treatment and liquid effluents [1, 
18]. The mechanism of neutralization path mainly explains 
the aggregation of PAMs of low molecular weight and high 
surface charge density (SCD) of cationic with negatively 
charged particles such as kaolin [18].
The bridging mechanism is reported as the most accepted 
flocculation mechanism for PAMs with high molecular 
weight [19–22]. The particles flocculation with negative 
charge, such as kaolin and other organic particles present in 
raw water, by non-ionic or anionic PAMs with high molecu-
lar weight are often reported as bridging [19]. This mecha-
nism is based on the aggregation of particles by attaching 
pendant segments of the already adsorbed polymers (loops, 
tails or trains) on the surface of new particles [19, 20, 22, 
23]. Kaolin is a type of clay widely used in suspension mod-
els for studies of solid–liquid separation due its character-
istics of purity, load and also to present fine particles like 
several pollutants [16, 24]. Another reason to use kaolin is 
because it is used in industrial processes where it needs to 
be later removed [25].
The aim of this work is to characterize three PAMs, to 
discuss the effects of the intrinsic characteristics of the poly-
mers and of the hydrodynamic volume of the chains in solu-
tion, and to evaluate their impact on the flocculation process, 




Three PAMs supplied by Floerger® were used in this study. 
The nomenclature and charge specification of the samples 
used in this text can be viewed in Table 1. The polymers 
were prepared according to manufacturer’s instructions, in 
distilled water.
In the studies of SCD, the aqueous solution ortho-tolu-
idine blue (O-Tb) (Neon®) was used as indicator for neu-
tralization reaction of anionic charges. Poly (vinyl sulfate) 
potassium (PPVS) (Sigma Aldrich®) was used as anionic 
titrant and hexadecyltrimethylammonium bromide (CTAB) 
(Sigma Aldrich®) as the cationic surfactant for titrant 
standardization.
For the pH adjustment in the viscosity and floccula-
tion studies, solutions of HCl p.a (Neon®) and NaOH p.a 
(Neon®) were used. The concentrations of the acid and base 
solutions used were of 3,7% and 4%, respectively.
The average viscosity molecular weight (Mv) of the poly-
mers were determined by the dissolution of PAMs in a 1 M 
NaCl (Neon®) solution.
Table 1  Information of the PAMs used in this study
PAMs Charge Nomencla-
ture in the 
text
FA 920 SH Non-ionic 920 SH
AH 912 SH Anionic 912 SH
AN 945 SH Anionic 945 SH
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The kaolin particles used in the flocculation studies 
and in the preparation of model suspensions was supplied 
by Cadam®. The specific mass of particles of kaolin is 
2.3 g cm−3 (± 0.02 g cm−3). The granulometry of 100% 
of particles have undersized 7.5  µm and 50% of these 
has undersized 0.7 µm. Humidity on a dry basis is 1.10% 
(± 0.04) and specific surface area is 17 m2 g−1 [26].
Methods
Fourier Transformed Infrared Spectroscopy (FTIR)
FTIR samples were prepared by trickling polymer solutions 
in KBr, before being analyzed by FTIR spectrometer (Per-
kin Elmer®, model Spectrum 1000). The KBr was dried at 
40 °C and the wavenumbers were measured in a range of 
400 to 4000 cm−1.
Magnetic Resonance Spectroscopy 1H‑NMR
1H-NMR samples were prepared with concentration of 
10 mg mL−1 in the deuterated solvent  (D2O), the analyze 
occurred at 50 °C in the Avance 300 spectrometer (Brunker 
company®).
Surface Charge Density
The determination of the SCD of the PAMs was carried out 
using the visual reverse colloidal titration method. Solutions 
of cationic PAM Floerger® (predetermined SCD) were used. 
This solution was used for neutralization of charges of the 
PAMs studied. The excess of the positive charges in solution, 
after the neutralization of the anionic charges was determina-
tion by anionic titrant PPVS (concentration of 180 mg L−1) 
[27]. Samples of 10 mL of the PAM solutions studied, at 
a concentration of 0.05 g L−1 were neutralized by 10 mL 
of cationic PAM solution in the same concentration. For 
the determination of the positive excess charge, the titration 
procedure was used with constant agitation. The end point of 
the titration was determined by visual titration through color 
changes from red to violet in the presence of anionic charges 
due to the presence of three drops of the indicator O-Tb solu-
tion 0.01%. The solution PPVS was previously standardized 
by solution CTBA (concentration of 1 meq L−1).
Viscosity Measurements
Viscosities of polymer solutions were calculated by meas-
uring the flow time in different concentrations. It was used 
an Ubbelohde-type capillary viscometer (RioLab®, model 
1) and the bath was maintained at 25 °C [10, 28]. Lamellar 
flow times of polymeric solutions with different concentra-
tion were measured by the digital timer in triplicate. The 
parameters for reliability (to define the concentrations to 
be used) of viscosity results used were: Laminar flow time 
where the concentration should result in a flow time between 
100 and 200 s and relative viscosity (ηrel) which should be 
in a range of 1.2 and 2.5 [12, 29, 30].
The obtained results were converted by empirical calcula-
tions utilizing ƞrel (Eq. 1), specific viscosity (ƞspe) (Eq. 2) 
and reduced specific viscosity (ƞspe.red.) (Eq. 3). These are 
determined from the Hagen-Poiseuille equation, when the 
variables dependent of the viscometer are cancelled by pure 
solvent and solutions variables [31].
where c represents polymer concentration in g dL−1.
pH Influence in the Behavior of PAMs
The pH influence in the behavior of PAMs was determined 
by viscosity measurements of fixed concentration solutions 
(920 SH 0.0325 g dL−1; 912 SH 0.015 g dL−1 and 945 SH 
0.005 g dL−1) and variable pH. The viscosity analysis was 
realized as described in “Viscosity Measurements”, adjust-
ing the pH at 3.5 and 10. The pH adjustment of the sample 
was realized using a pH meter and NaOH and HCl solutions, 
for all polymers under study.
Average Viscosity Molecular Weight (Mv)
The Mv determination of the polymers was performed 
by viscosimetric analysis at 25 °C in saline solutions (0.5 
Molar NaCl). The use of electrolytes in solutions of PAMs is 
required to obtain the behavior of a single macromolecule in 
solution. That occurs due to the neutralization of the charges 
present (shielding effect). This effect allows us to obtain 
intrinsic viscosity through the Huggins and Kraemer equa-
tions without needing to correct then by empirical calcula-
tions [11, 32, 33]. The intrinsic viscosity [η] was obtained 
through of extrapolation of the curves of ƞspe.red. to zero 
concentration [28].
The concentrations of the PAMs solutions were chosen so 
as to remain below the concentration of critical transition (to 
consider the solution as Newtonian fluid) and below the con-
centration critical of entanglement (to avoid entanglement) 
[34–36]. These parameters are fundamental to the deter-
mination of the intrinsic viscosity because they guarantee 
that this will be the behavior of a macromolecule isolated 
from the others [12]. Besides these factors, other reliabil-
ity parameters mentioned in item 2.2.4 were also used for 
(1)rel = tsolution∕tsolvent
(2)spe = rel − 1
(3)spe.red. = spe∕c
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the choice of concentrations because these are valid for any 
measure of viscosity.
The Mark-Houwink-Sakurada equation (MHS) was used 
to calculate the Mv through the obtained intrinsic viscosity 
([η])values and the constants K and a (Eq. 4). The constants 
K and a were obtained according to intrinsic characteristics 
of the polymers used in this study and the conditions of the 
analysis (solvent and temperature) [37].
Flocculation Studies
The flocculation studies were performed in a Jartest equip-
ment (JT102, Milan®), in which 1 g L−1 kaolin was sus-
pended in distilled water. The suspensions (500 mL) were 
agitated (1 min) and then polymer solutions were added in 
different concentration (0.5; 1; 2.5; 5; 10 and 20 ppm). A 
sequence of fast (120 rpm) and low (40 rpm) agitation speed 
(1 min each) were applied for flocs formation. After 5 min of 
settling, an aliquot of supernatant suspension was collected 
and the residual turbidity and pH were measured in turbid-
ity meter (Ap200, Policontrol®) and pH meter (AZ86505, 
Printer®) [5]. The optical microscopy images were obtained 
using an USB digital microscope (model AM3111, Dino-
lite) with 25 × enlargement was used to visualize the flocs 
structures.
pH Influence in the Flocculation Studies
The pH influence in the flocculation studies was determined 
by flocculation analysis as described in 2.2.7, For that, only 
the solutions which had better results in flocculation studies 
at neutral pH (920 SH pH 6.5; 912 SH pH 6.5; 945 SH pH 
7.0) were used.
The pH was adjusted at 3.5 or at 10.5 in the jars after the 
addition of polymer. The pH and the residual turbidity were 
measured, and the results were discounted from the samples 
without the addition of polymers.
Settling Rate
After studies of flocculation (“Flocculation Studies” and 
“pH Influence in the Flocculation Studies”) the flocs formed 
in the solutions with better results in it were used to measure 
the sedimentation rate. The assay was performed using a 
graduated cylinder filled with distilled and deionized water. 
It was determined the time of displacement of one floc of 
13.5 cm, as can be seen in the Fig. 1. A family of twenty 
flocs was evaluated and the sedimentation rate value was 
obtained by calculated conform the Eq. (5).
(4)[] = K ⋅Mva
(5)v = d∕t




Determination of the Functional Groups Present 
in the PAMs
In Fig. 2 the infrared spectra of the PAMs studied can be 
observed. The results showed the presence of the Aam 
repeating unit for all the polymers, observed due to the 
presence of bands at 3435 cm−1 and 3254 cm−1, 2956 cm−1 
and 1675 cm−1 which can be attributed to the vibrations 
of the symmetrical and asymmetric -NH2 stretch,  CH2 
and C=O, respectively [38, 39]. The presence of sodium 
acrylate monomer (NAAA) in PAM 945 SH was deter-
mined through the bands at 1575 cm−1 and 1410 cm−1, 
characteristic of the carboxylate group. These bands 
indicate anionic charge for this PAM in aqueous solution 
and characterize this polymer such as a copolymer: poly 
(acrylamide-co-acrylate sodium) [40, 41]. For the other 
PAMs studied, the absence of band at 1575 cm−1 and low 
band intensity at 1410 cm−1 were observed, thus the pres-
ence or total absence of anionic charge for these PAMs 
cannot be confirmed. To determine the presence or absence 
of ionic charge further analysis are necessary. According 
to Arinaitwe (2008) the presence of ionic charge below 
10% mol in the PAM cannot be observed in the infrared 
spectra due to the overlapping of low intensity bands [34].
Fig. 1  Illustration test of settling rate
2309Journal of Polymers and the Environment (2019) 27:2305–2317 
1 3
Determination of the Chemical Structure of PAMs
The 1H-NMR spectra of PAMs solutions in  D2O are 
shown in Fig. 3. The spectra indicate the presence of Aam 
for all PAMs, this is shown by the resonance peaks at 
δa = 2.10 ppm, δb = 1.51 ppm and δc = range 6.5–7.8 ppm 
which are assigned to the protons from the methine and 
methylene groups (–CH–CH2–), and weak signals of proton 
from the –NH2 group. It is also possible to visualize a high-
intensity peak related to the resonance peak of deuterated 
water  (D2O) [42, 43]. Differences related to the shape of the 
resonance peaks in the 1H-NMR spectrum of 945 SH PAM 
were observed when compared to the spectrum of the other 
PAMs studied, possibly due to the impairment of the peaks 
resolution by the solutions high viscosity.
Further analyzes are required to determine a total absence 
or presence of anionic monomer NAAA for all the studied 
PAMs, since some resonance peaks found for the AAm mon-
omer are similar to those of the NAAA monomer as shown 
in Fig. 3. The analytical results of the 1H-NMR spectrum 
provided additional support for the determination of the 
composition of the PAMs, once they did not show any reso-
nance peak beyond those expected, thus allowing to mount 
probable structures of the macromolecule.
Surface Charge Densities of PAMs
The results in Table 2 shows that the negative SCD of the 
945 SH sample is higher than the one from the 912 SH and 
920 SH samples, which is in accordance with the infrared 
results which shows the presence of dissociated carboxylic 
groups in the PAM 945 SH sample. The results also shows 
low negative surface charge density in the PAM 912 SH 
sample, something that could not be observed by the infra-
red technique due to overlapping peaks  (COO− and C=O), 
and confirms the almost null negative SCD for the PAM 
920 SH (called the non-ionic by the manufacturer) at natural 
pH (920 SH pH 6.5; 912 SH pH 6.5; 945 SH pH 7.0) [41]. 
Thus, this analysis complements the characterization of the 
Fig. 2  FTIR spectra of PAM 
samples
Fig. 3  1H-NMR spectra of PAM samples
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PAMs by FTIR and 1H-NMR confirms the structure of the 
PAMs studied as a poly (acrylamide-co-acrylate sodium), a 
copolymer of Aam and sodium acrylate.
The results of negative SCD were converted of meq g−1 
to the % in mol, according to Bolto and Gregory [1].
Average Viscosity Molecular Weight of PAMs
The K and a parameters of the MHS equation were deter-
mined accordingly to the intrinsic characteristics of the poly-
mer, solvent and temperature can be visualized in Table 3. 
The constants K and a for the PAMs studied were obtained 
through the studies of Klein and Conrad [37] according to 
the %mol of Aam in the polymer in the 0.5 M NaCl solvent.
The curves ηspe.red in function of concentration for the 
studied PAMs are shown in the Fig. 4. The curves were 
extrapolated to the limit concentrations and the intrinsic 
viscosity was determined.
The results calculated by MHS can be seen in Table 4, 
where all the polymers had Mv in  106 g mol−1. Conse-
quently, can be considered polyacrylamides of high molecu-
lar weight [26, 44, 45].
This high molecular weight is one of the factors that 
explain the high viscosity found for these polymers in aque-
ous solution, at natural pH and very low concentrations [2, 
12]. Since the intrinsic viscosity is proportional to the hydro-
dynamic volume of the molecule in solution divided by the 
molecular weight [2].
The molecular weight of flocculating polymers is a fea-
ture that controls the flocculation efficiency. High molecular 
weight polyacrylamides are often reported to be of higher 
efficiency for the removal of certain particles because they 
facilitate the aggregation of the particles by the mechanism 
of polymeric bridges [24, 46]. In the present work due to the 
small difference between the Mv of the studied polymers, 
this characteristic does not present a determinant factor for 
the flocculation results [47].
Behavior PAMs in Solution
Viscosity of PAMs
The results of the ηspe.red. as a function of the concentration 
for the PAMs studied can be visualized in Fig. 5, In it, sig-
nificant differences in the measured viscosities between the 
PAMs studied is seen. This variation of viscosity between 
PAMs possibly stems from the different SCD present in the 
PAMs. The viscosity is directly affected by the behavior of 
the macromolecules in solution, which varies according to 
the SCD present. The higher the SCD, the greater the hydro-
dynamic volume and greater difficulty in the solution to flow, 
Table 2  Surface charge densities of anionic PAMs in meq  g−1 and 
%mol
Experimental conditions: natural pH (920 SH pH 6.5; 912 SH pH 6.5; 
945 SH pH 7.0)
PAM SCD (meq g−1) SCD (%mol)
920 SH 0.03 ± 0.05 0.86
912 SH 0.18 ± 0.08 1.84
945 SH 2.13 ± 0.43 15.51
Table 3  - The K and a constants 
of MHS for the polymers used 
in this study
PAM K (dl g−1) a Solvent T (°C) Composition AAm (%mol) References
920 Sh 7.05 × 10−5 0.77 Solution
0.5 M NaCl
25 AAm, NAAA 99.14 [37]
912 SH 6.95 × 10−5 0.78 Solution
0.5 M NaCl
25 AAm, NAAA 98.16 [37]
945 SH 6.26 × 10−5 0.82 Solution
0.5 M NaCl
25 AAm, NAAA 84.49 [37]
Fig. 4  Variation of ηspe.red as function of the concentration for the 
PAMs. Experimental conditions: pH: natural (920 SH pH 6.5; 912 
SH pH 6.5; 945 SH pH 7.0); solvent 0.5 M NaCl; T: 25 °C
Table 4  The parameters of [η] curves for the three polymers studied 
and Mv calculated
PAM Equation R2 [η] (dL g−1) Mv (g mol−1)
920 SH y = 268.53x + 3.969 0.92 3.97 1.4 × 106
912 SH y = 89.56x + 11.975 0.96 11.98 5.2 × 106
945 SH y = 161.08x + 22.794 0.83 22.79 6.3 × 106
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causing longer laminar flow times and elevated viscosity [6, 
7, 10, 12, 29]. The higher proportion of NAAA in anionic 
PAM can contribute to an increased solutions viscosity due 
to NAAA monomer possessing a higher molecular weight 
when compared to AAm. As PAMs with higher SCD have 
higher amounts of NAAA, they consequently will have 
higher viscosities.
Anionic PAM indeed presented higher viscosities than the 
non-ionic PAM, although the tests were performed at higher 
concentrations for the anionic PAMs. This is due to an 
almost null presence of the ionic groups in 920 SH, allowing 
a conformation of less hydrodynamic volume. Among the 
anionic PAMs, the PAM 912 SH had a lower viscosity than 
PAM 945 SH, even at lower concentrations. The presence of 
higher negative SCD in PAM 945 SH, as evidenced by the 
SCD tests, leads to a higher hydrodynamic volume in a good 
solvent due to higher intra and intermolecular forces. The 
PAM 945 SH presented a higher amount of ionic groups in 
its structure than the other PAMs studied, consequently, its 
conformation in solution are more voluminous. Meanwhile, 
the PAM 920 SH have a more convoluted conformation and 
the PAM 912 SH will have an intermediate conformation 
between these [7, 10, 12].
The PAM 945 SH and PAM 912 SH behaviors were 
interpolated by polynomial curves, and, as reported in the 
literature, this is a typical behavior for ionic PAM. As the 
920 SH does present few ionic groups in its macromolecule 
its behavior presents itself as linear in aqueous solution [34].
pH Influence in the Behavior of PAMs
The effect of pH on the behavior of the studied PAMs can be 
visualized in Fig. 6, where the natural pH (920 SH pH 6.5; 
912 SH pH 6.5; 945 SH pH 7.0), pH 3.5 and pH 10.5 were 
evaluated. The two anionic PAMs were affected by the acidi-
fication of the solution. The PAM 945 SH and 912 SH had 
their viscosity reduced to the same value as the PAM 920 
SH. One hypothesis for this behavior of reducing the viscos-
ity of the anionic PAMs with the acidification of the solution 
is the reduction of the SCD. Macromolecules with lower 
SCD have a lower hydrodynamic volume in solution due to 
the decrease of the electrostatic repulsion between the ionic 
groups [26]. Thus the PAM have theirs viscosity reduced 
because a smaller hydrodynamic volume reduces the macro-
molecules flow time [12]. A hypothesis that can explain the 
change in SCD with the acidification of the solution is the 
hydrolysis of the anionic groups in an acid medium, some-
thing which causes them to lose their anionic character [13, 
26]. Another hypothesis that would lead to the reduction 
of SCD with acidification would be the protonation of the 
carboxylate groups, as reported by Arinaitwe when analyz-
ing infrared spectra of anionic PAM. In that study, it was 
observed a reduction in the intensity of carboxylate groups 
and an increase in the intensity of bands of the carboxylic 
group with the change from the natural pH solutions in water 
to pH 3.5 [14, 34]. This effect of viscosity reduction is more 
strongly observed in PAM 945 SH because it contains a 
greater amount of ionic groups in its macromolecule chain.
The results presented in the Fig. 6 indicate that the solu-
tions alkalization (pH 10.5) leads to a less intense reduc-
tion in the viscosity of the anionic PAMs than the reduction 
observed at pH 3.5. The increase of negative ions  (OH−) 
in the solution should lead the stretching of the molecular 
chains due to electrostatic interactions, but for anionic PAMs 
studied it was noticed the inverse effect [48]. This same 
result was obtained by Arinaitwe [10] and Makogon et al. 
[49] in their studies. Both reported that this occurred due 
to the shielding of the carboxylic groups loaded by sodium 
ions, thus with the neutralization of some ionic groups, there 
is a reduction of the macromolecules hydrodynamic volume, 
Fig. 5  ηspe.red. as a function of the concentration for the PAMs. Exper-
imental conditions: Solvent: deionized and distilled water; T: 25 °C; 
pH: natural (920 SH pH 6.5; 912 SH pH 6.5; 945 SH pH 7.0)
Fig. 6  Influence of pH in behavior PAM solutions. Experimental con-
ditions: [920 SH]: 0.0325 g dL−1, [912 SH]: 0.015 g dL−1 and [945 
SH]: 0.005 g dL−1, pH: 3.5; natural (920 SH pH 6.5; 912 SH pH 6.5; 
945 SH pH 7.0) e 10.5; T: 25 °C
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which leads to a reduction in viscosity. Another hypothesis 
for the reduction of the SCD with the alkalization of the 
solutions is the hydrolysis. The hydrolysis was reported in 
the work of Rodrigues [26], as the cause of SCD reduction 
for pH above 8.
The PAM 920 SH suffered few effects with pH change, 
possibly because it contains almost zero SCD. Therefore, 
due to its conformation of lower hydrodynamic volume in 
solution, it is less susceptible to changes in it by the presence 
of ions in the solution.
Aggregation of Kaolin Particles by PAM
The results obtained from the influence of PAMs con-
centration on turbidity removal and percentage turbidity 
removal of kaolin suspensions can be seen in Fig. 7. The 
PAM 920 SH showed better turbidity removal results than 
the other PAMs, obtaining 74% removal utilizing 2.5 ppm 
of PAM. The PAM 912 SH obtained the best result at PAM 
concentration of 0.5 ppm, but removed less kaolin than 
the PAM 920 SH sample. Above 2.5 ppm of PAM 920 SH 
and 1 ppm of PAM 912 SH, the increase in concentration 
led to an increase in residual turbidity, possibly due to 
sterically dispersed particles by the excess of adsorbed 
polymer [18, 50]. The PAM 945 SH did not present posi-
tive percentage turbidity removal results due to the excess 
of negative charges (high anionic SCD) interfering with 
the flocculation efficiency. So, the concentration chosen 
to continue the flocculation studies at different values of 
pH was 1 ppm [32, 51]. The results demonstrate that the 
process of adsorption between PAMs and kaolin particles 
occurred by chemisorption [14], and the following floccu-
lation after adsorption occurs by bridging for the all PAMs 
[1, 15, 16, 20, 21, 51].
The kaolin particles contain negative charges, these in 
contact with polymers that also contain negative charges 
such as anionic PAMs lead to repulsions between the charges 
of the particles and the anionic functional groups [32, 51]. 
These repulsions make it difficult to approach the amide 
responsible for the adsorption in the suspended particles 
[32]. The flocculation by PAM 912 SH was still possible due 
to the presence of low anionic charge in this PAM, which 
leads to a more extended conformation of the polymer chain 
in solution which facilitates the adsorption by chemisorption 
[14, 50]. The PAM 920 SH, which does not contain ani-
onic groups, is able to approach the kaolin more effectively, 
allowing a better turbidity removal results to be obtained.
Photomicrographs of flocs formed in the natural pH 
flocculation, only in the concentration of PAMs that 
obtained better flocculation efficiency, can be observed 
in Fig. 8. The PAM 945 SH did not obtain the formation 
of flocs by the excess of negative charges in the chain, 
as explained previously. Comparing the images, the flocs 
formed from 920 SH and 912 SH samples, it can see the 
presence of flocs of different sizes for the studied PAMs. 
It is known that the structure of polymer chains (presence 
or absence of branching), different SCD, different molecu-
lar weight, different conformations of macromolecules of 
Fig. 7  Residual turbidity and 
turbidity removal as a func-
tion of PAM concentration. 
Experimental conditions: Ti: 
310 NTU; kaolin [1 g L−1]; V: 
0.5 L; T: 25 °C; pH initial jars: 
7.6; pH final jars: 7.8
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PAM in solution are factors that can influence the forma-
tion of different format and sizes of flocs [5].
Larger flocs sizes were obtained by PAM 920 SH, but 
with a greater dispersion than the 912 SH sample, since 
smaller flocs are also seen. The presence of almost zero 
ionic charges in this polymer causes minimal repulsive 
forces between kaolin and PAM. Thus, the pendent chain 
segments towards the solution are more likely to con-
nect to more than one kaolin particle, that is, the bridg-
ing mechanism is favored [52]. PAM 912 SH showed 
a more extended conformation of the polymer chain in 
solution compared to PAM 920 SH due to the repulsion 
of the ionic charges [52]. This conformation is favora-
ble for chemisorption but unfavorable for bridging due to 
increased repulsion between the negative charge of kaolin 
and of PAM 912 SH [52, 53]. Thus smaller flocs and more 
homogeneous were formed for PAM 912 SH compared to 
PAM 920 SH. The molecular weight of the polymers could 
influence the shape of the flocs but, as already proven, 
these polyacrylamides have similar molecular weights, 
this would not be a factor that would cause differences 
in the flocs. As for the presence or absence of branching, 
they may interfere with the shape of the flocs. The flocs 
obtained have similar globular structures which may indi-
cate that these polymers have the same structure.
pH Influence in the Flocculation Studies
The pH effect in the flocculation studies can be seen in 
Fig. 9. The acidification of the solution allowed the floccu-
lation with the use of PAM 945 SH, which was not possible 
at natural pH (920 SH pH 6.5; 912 SH pH 6.5; 945 SH pH 
7.0). The possible reduction of the negative SCD of PAM in 
the acid solution may have allowed a weak approximation of 
the chains from PAM 945 SH to the kaolin particles. This is 
due to the reduction of repulsion between anionic groups in 
the chain of PAM and negative charge in the kaolin particles. 
It also makes the adsorption and the flocculation by bridg-
ing possible. A reduction in the negative charge present in 
kaolin due to the variation of pH to acid has been reported 
in other studies, this may have also influenced increasing the 
approximation of PAMs chains due to the reduction of repul-
sion between the remaining negative charges in the polymer 
[14, 15, 24, 53]. Another possibility would be the protona-
tion of the  NH2 in the AAm, allowing the adsorption of the 
chains by neutralization of charges, but this would lead to 
an increase in the viscosity, which was not observed in this 
work [50, 54].
When comparing the results obtained at pH 3.5 of PAM 
912 SH with those obtained at natural pH, it can be seen that 
the percentage of removal remained practically unchanged. 
This result was not expected since a possible decrease of the 
Fig. 8  Photomicrographs of the 
flocs formed in the kaolin floc-
culation by PAMs. Experimen-
tal conditions: magnification 
× 25; pH initial jars: 7.6; pH 
final jars: 7.8; T: 25° C; [920]: 
2.5 ppm; [912]: 0.5 ppm
Fig. 9  Influence of pH on 
residual turbidity and turbid-
ity removal depending on the 
type of PAM. Experimental 
conditions: Ti: 311 NTU; 
[920]: 2.5 ppm; [912]: 0.5 ppm; 
[945]: 1 ppm; kaolin [1 g.L−1]; 
V: 0.5 L; T: 25° C; pH initial 
jars: 3.5/7.7/10.5; pH final jars: 
3.5/7.5/10.3
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SCD at pH 3.5 would have led to a better approximation of 
the macromolecules to the kaolin particles, with reduction 
of the negative charge of kaolin at this pH. Nevertheless, the 
excess of ions in solution and a lower hydrodynamic volume 
of the macromolecules in solution may have hindered turbid-
ity removal. The reduction of SCD leads to a reduction of 
the hydrodynamic volume of the macromolecules in solution 
(as visualized in the viscosity tests). That makes it difficult 
access to the Aam monomer responsible for the adsorption 
of the PAM chains to kaolin particles and reduces the extent 
of the pending polymer segments toward the solution, which 
hinders flocculation by bridging [24, 25, 50].
For PAM 920 SH, the percentage of turbidity removal 
was reduced from 74% to 26% by the acidification. Possibly, 
the flocculation was also affected by the reduction of SCD 
of the PAM and negative charge of kaolin, but as the PAM 
920 SH has a low SCD, the effect that reduced its efficiency 
was probably the excess of ions  (H+) in solution. The ions 
possibly reduce the efficiency of the flocculation process 
by making it difficult to adsorb the macromolecules with 
kaolin particles.
The alkalization of the solution resulted in a sudden 
increase of the residual turbidity, obtaining zero removal 
rates for all the polymers. This occurs possibly due to a 
greater dispersion of the particles in the solution, making 
the flocculation more difficult [14]. In this pH, the charge 
of kaolin particles was related as more anionic when com-
pared with the charge in natural pH, and leads to major 
repulsions between anionic groups and negative charge in 
the kaolin [52]. In other studies, it was reported that the 
alkaline pH would result in the reduction of AlOH sites 
responsible for the adsorption of PAM to kaolin and cause 
increase of the negative charge present in the kaolin. These 
results would lead to a reduction of the flocculation due to 
the low adsorption of the polymers on kaolin and due to 
electrostatic repulsions between negative charges of kaolin 
and anionic polymer chains [14, 15].
The photomicrographs of flocs formed in the floccula-
tion studies at pH 3.5 are shown in Fig. 10. At pH 3.5, the 
flocs population formed by PAM 920 SH did not show any 
perceptible modifications under the optical microscope 
when compared to the flocs obtained at natural pH, while 
the modifications can be perceived for the PAM 912 SH. 
At this pH, PAM 945 SH was also able to form flocs. The 
acidification of the jars reflected in a reduction in the size 
of the flocs for the PAM 912 SH, even though its ability 
to remove turbidity has suffered very little change. The 
reduction of the size of the flocs formed with the use of 
PAM 912 SH may have occurred due to conformational 
changes of the macromolecules, changes in SCD, reduc-
tion in the hydrodynamic volume of macromolecules and 
difficulties of interaction between the macromolecules and 
the kaolin particles [25]. The before mentioned effects may 
hinder the formation of larger flocs. These results show 
that the flocs formed by the PAM 945 SH and 912 SH do 
Fig. 10  Photomicrographs of 
the flocs formed in the kaolin 
flocculation by PAMs. Experi-
mental conditions: magnifica-
tion × 25; pH initial jars: 3.5; 
pH final jars: 3.5; T: 25° C; 
[920]: 2.5 ppm; [912]: 0.5 ppm; 
[945]: 1 ppm
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not present good applications in the sedimentation process 
due to their small dimensions [26].
Settling Rate
The results of residual turbidity and settling rate of the flocs 
formed in the aggregation experiment of kaolin particles at 
natural pH for PAM 920 SH and 912 SH, and at pH 3.5 for 
all PAMs studied can be visualized in Fig. 11. In the natural 
pH the flocs formed by the PAM 920 SH presented better 
sedimentation rate when compared to the flocs formed by 
PAM 912 SH. This result occurred because PAM 920 SH 
presented larger flocs than PAM 912 SH and thus these flocs 
were sedimented more rapidly due to the higher weight [51].
By comparing the sedimentation rate results obtained at 
natural pH and pH 3.5, it can be seen the sedimentation 
rate of flocs formed at pH 3.5 by 920 SH and 912 SH was 
reduced. This happened possibly due to the excess of ions, 
which made it difficult to aggregate larger quantities of kao-
lin particles and to change in the SCD of these polymers and 
thus hindering the flocculation process by bridges. In this 
test, the modification of the PAM 920 flocs was possible to 
visualize, which was not possible by light microscopy. At 
pH 3.5, 945 SH PAM formed flocs and had a sedimenta-
tion rate greater than 912 SH, possibly because it had larger 
flocs within its small flocs population and these larger flocs 
increased the overall sedimentation rate.
Conclusion
The characterization of the PAMs showed the presence of 
ionic groups for all the PAMs studied, while PAM 945 SH 
presented a higher negative SCD. The influence of the differ-
ent SCD on the behavior of the PAMs in solution was con-
firmed by viscosity tests in which the polymers with higher 
negative SCD obtained higher viscosities. The viscosity was 
reduced with acidification and alkalization from solution. 
The PAM 920 SH obtained the best results in the kaolin par-
ticle aggregation tests. The higher SCD in the other PAMs 
caused a reduction of the flocculation potential, decreasing 
the aggregation in these samples. The PAM 945 SH obtained 
positive flocculation results only when the pH of the solution 
was changed from 7 to 3.5, possibly due to the reduction of 
the repulsion between the negative charges present in the 
polymer chain and the negative kaolin charges. Changing 
the pH from natural (920 SH pH 6.5; 912 SH pH 6.5) to 
3.5 harmed the flocculation efficiency for the PAM 920 SH 
and not caused a significant influence for PAM 912 SH. The 
alkalization of the solution hindered the flocculation process, 
causing high residual turbidity for all analyzed PAMs. In 
almost all cases, pH changes caused modifications in flocs 
formation and sedimentation rate.
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